We tested in compression specimens of human proximal tibial trabecular bone from 31 normal donors aged from 16 to 83 years and determined the mechanical properties, density and mineral and collagen content.
There have been many studies on the mechanical and physical properties of trabecular bone and their mutual relationships. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] They have also been described in relation to age. [11] [12] [13] [14] Generally, it has been found that Young's modulus, failure energy and apparent ash density are inversely and linearly correlated with age. All these studies have focused mainly on central vertebral trabecular bone although one by Lindahl 12 included tibial trabecular bone.
He found that the elastic modulus and ultimate stress were inversely correlated with age, but he used dried defatted specimens, a method of preparation that tends to alter the mechanical properties. 1 The use of wet, non-defatted specimens has been found to give better representation of the in vivo mechanical properties. There have therefore been no general conclusions regarding age-related variations in the mechanical properties of peripheral trabecular bone. Several studies have been made on age-related variations in human cortical bone.
2,15-17 Currey 2 showed that the elastic modulus and bending strength both increased until about 30 years and declined thereafter. McCalden et al 17 reported that strength, strain and failure energy were inversely and linearly correlated with age. The contribution of the two major components of bone, mineral and collagen, to the mechanical properties has been studied in cortical bone but has not been fully elucidated. The results of Burstein et al 18 indicate that strength and elastic stiffness depend on the mineral content, but that the plasticity of bone is a function of the properties of collagen. The relative importance of collagen and mineral in determining the mechanical properties of trabecular bone has attracted little attention despite many investigations on apparent density and apparent ash density in relation to age. 13, 14, 19 We could find no published studies on the agerelated variation in collagen density, one major component of trabecular bone. Our aims were therefore: 1) to investigate the normal age-related variations in the mechanical properties, composition and physical properties of peripheral (tibial) trabecular bone; 2) to examine correlations between them, especially the relationship between collagen, mineral and mechanical properties; and 3) to compare our findings with data from the literature.
MATERIALS AND METHODS
Over a period of three years, 31 human proximal tibiae were taken from 31 donors aged between 16 and 83 years. There were five women and 26 men; all were Caucasian and were free from macroscopic pathological changes. They had all died suddenly from traumatic or acute disease, and had been active with no history of musculoskeletal disease. None had been immobilised for more than two weeks before death.
Seven cylindrical trabecular bone specimens were obtained from standardised locations in the medial condyle and six from the lateral condyle from each tibia, 20 giving a total of 403 specimens. Specimen preparation. All the specimens were drilled out of frozen bone using a trephine with an inner diameter of 7.5 mm. The orientation of the cylindrical specimens was such that the longitudinal axis of the tibia corresponded to that of the cylinder. They were cut 1 mm beneath the subchondral bone plate at the distal end to a measured length of 7.5 mm using an EXAKT-Cutting Grinding System (EXAKT Apparatenbau, Norderstedt, Germany) and a LEITZ Saw Microtome 1600 (Ernst Leitz Wetzlar GmbH, Wetzlar, Germany). During preparation or testing, eight specimens were damaged and were excluded leaving 395 specimens for non-destructive testing. Half of these (n = 198) were randomly selected for destructive testing, but operating failures during testing resulted in another 15 being lost, leaving 183. All the specimens were stored frozen in physiological saline in sealed plastic tubes at -20°C until testing.
After mechanical testing, four specimens from each knee (two from the medial and two from the lateral condyle) were randomly selected for the measurement of apparent density, tissue density, porosity, collagen content and mineral content. Compressive testing. The specimens were placed at room temperature for two hours in physiological saline before testing and were kept moist during the experiment. The mechanical tests were performed on an Instron materials testing machine (Model 4302, Instron Ltd, High Wycombe, UK), using a 1 kN load cell and a static strain-gauge extensometer (Model 2601-20, Instron Ltd) attached to the testing column close to the specimen. The testing columns with polished ends were lubricated with low-viscosity mineral oil to reduce the effect of friction. 8 The testing machine was computer-controlled by Testpoint console software (Testpoint, Capital Equipment Co, Burlington, Massachusetts) which also handled force and deformation data collection. The force-deformation data were converted to stress and strain data using the cross-sectional area of the specimens for normalisation of load to stress and the original length of the specimens for normalisation of deformation to strain. At least ten preconditioning cycles were performed between a preload of 3 N and a strain of 0.006 to reach a viscoelastic steady state before the final test was performed. 20 Only the actual test data were collected for analysis. Young's modulus (stiffness) was obtained from non-destructive testing. Ultimate stress, ultimate strain and failure energy (energy absorption to failure) were obtained from destructive testing, using a strain rate of 0.002/sec and preceded by mechanical conditioning as used for nondestructive testing (Fig. 1) . Density, volume fraction, collagen and mineral measurements. After testing the marrow was removed from the specimens by air jet and tap water. The specimens were then defatted in a 1:1 mixture of alcohol and acetone for 48 hours, cleaned once more by air jet and evaporated at room temperature for 24 hours before being freeze-dried. The dry weight (DW) of the freeze-dried specimens was recorded. A typical stress-strain curve from a destructive test. Ultimate stress and ultimate strain were derived from the first maximum of the curve. Young's modulus was determined as the tangent to the point on the loading curve intersecting the 0.6% strain line, and failure energy as the area underneath the compression curve between zero strain and ultimate strain.
for inhomogeneity of the specimens, we performed duplicate determinations of ash and hydroxyproline on both a distal and a proximal piece (Fig. 2) . The collagen content of the specimens was estimated by measuring hydroxyproline, assuming a content of hydroxyproline in collagen of 13.4% (w/w). 21 After hydrolysis of the specimens in 6 M HC1 at 100°C for 16 hours, hydroxyproline was estimated according to the procedure of Woessner 22 with a slight modification of the concentration of reagents 23 as described by Danielsen and Andreassen. 24 The collagen (tissue) concentration was calculated to be the amount of collagen divided by the dry weight, and the collagen (apparent) density was the collagen weight divided by specimen volume. The bone specimens were ashed in a muffle oven at 100°C for 2 hours and 580° for 18 hours, and the dry weight of the ash determined. The mineral concentration was the amount of mineral divided by the dry weight, and the apparent ash density was the mineral weight divided by the specimen volume. Statistical analysis. The specimens were divided into young (16 to 39 years), middle (40 to 59 years) and old (60 to 83 years) age groups. All the statistical analyses (SPSS; SPSS Inc, Chicago, Illinois) were based on the entire data set, and the mean value for each tibia was used in analyses of age-related variations (each individual represented by one set of values). For comparison of properties, only the specimens which had been used for the determination of both mechanical and physical/compositional properties were included in the analysis.
One-way analysis of variance (ANOVA) was used to compare the properties in the three different age groups. These data were first checked for equal variance by the Levene test, and for normality by the Omnibus test. If the F-test showed a significant level, a multiple comparison was made by the Bonferroni test to find the difference between groups. If the F-test showed no significant level, ANOVA was further performed based on age groups divided into decades to test for any significant difference among decades. Since there was only one tibia in the first decade group, this tibia was included in the second decade, defined as the younger age group. As there were unequal variances (in the different decades), tissue density was logarithmically transformed to obtain equal variances.
Linear regression analyses were used to assess the association between mechanical and physical properties.
Stepwise multiple regression analyses were used to assess the associations between one mechanical property (Young's modulus, ultimate stress, ultimate strain or failure energy) as a dependent variable and seven physical properties (tissue, collagen, apparent and apparent ash densities, collagen and mineral concentrations, volume fraction) as independent variables. The paired t-test was used to compare the properties between the medial and lateral condyles.
The linearity of the properties in relation to age was first checked. If they showed non-linear relationships with age, then polynomial regression (second-degree fit) was used to describe the variations. The determination coefficients (r 2 )
were used to explain the proportional variation due to either linear regression or curve fitting. A p value <0.05 was considered to be significant.
RESULTS

Age-related variations.
Variations in the mechanical and physical properties in the three age groups and in decades were analysed based on ANOVA (Table I ). Young's modulus (Fig. 3) showed an initial increase but no significant difference between the young and middle age groups, but was significantly larger in the middle age group compared with the old age group (p < 0.001) with a maximum at 40 to 50 years. There was a significant decrease after 60 years (p < 0.001).
Ultimate stress showed no significant difference between the young and the middle age groups, and was lowest in the old age group (p < 0.001). Further analysis of the data in decades showed that this value was constant between 30 and 59 years (p = 0.76), and declined after 60 years (p < 0.001).
Ultimate strain in the young age group proved to be significantly greater than in the old age group (p < 0.05), with no difference between the young and middle age groups. Analysis of the data in decades showed that this value was maximal in the younger age group (p < 0.05), and did not vary significantly in the other age groups (p = 0.17).
Failure energy was lowest in the old age group (p < 0.001) and showed no significant difference between young and middle age groups. Analysis of the data in decades, however, showed that it was largest in the younger age group (p < 0.001), constant between 30 and 59 years (p = 0.08), and declined beyond 60 years (p < 0.001).
Tissue density (Fig. 4) showed no significant variation with age (p = 0.88). Analysis in decades showed it to be Diagram showing how specimens were cleaved. Two minor pieces (one proximal and one distal) were used for hydroxyproline (Hyp) determination, and two major pieces (one proximal and one distal) for the determination of ash weight.
very constant (p = 0.53).
Apparent density was lowest in the old age group (p < 0.001) with no significant difference between young and middle age groups. Analysis in decades showed that it was constant until the age of 59 years (p = 0.87), followed by a steady decline (p < 0.001).
Apparent ash density showed the same tendency as apparent density. These two parameters were strongly correlated (r 2 = 0.97, p < 0.001) in accordance with the small variation in tissue density.
Mineral concentration showed no significant variation with age (p = 0.87) and analysis in decades showed that, like tissue density, it was very constant (p = 0.81).
Volume fraction showed a tendency similar to apparent density and also correlated strongly with apparent density (r 2 = 0.96, p < 0.001) and apparent ash density (r 2 = 0.90,
Collagen concentration showed no significant difference in the three age groups, but analysis in decades showed that it was highest in the younger age group (p < 0.005) and The mechanical properties of tibial trabecular bone v age, using the mean value of each knee. Due to the nonlinear relationship of Young's modulus, ultimate stress and ultimate strain with age, a second-degree polynomial fit (dash line) was used (ⅷ = female (n 1 = 5), ⅜ = male (n 2 = 26)). The determination coefficients (r 2 ) and p values were derived from linear or second-degree polynomial regression. constant thereafter throughout life (p = 0.56). Collagen density was lowest in the old age group (p < 0.001) and there was no significant difference between young and middle age groups. It was highest in the younger age group (p < 0.001), constant between 30 and 59 years (p = 0.65), and followed by a significant decline beyond 60 years (p < 0.001). The existence of a maximum value of collagen density in the younger age group was different from what was found for apparent density, apparent ash density and volume fraction, although collagen density showed strong correlations with these parameters (r 2 = 0.94, r 2 = 0.88, r 2 = 0.90, respectively; p < 0.001).
Relationships between physical/compositional parameters and mechanical properties. The relationships between physical/compositional parameters and mechanical properties are based on linear regression analysis and are summarised in Table II. Stepwise multiple linear regression analysis showed that collagen density correlated best with failure energy, whereas apparent density and apparent ash density showed the second best correlation with failure energy. Apparent ash density and apparent density showed the best correlation with ultimate stress. Apparent ash density showed the best correlation with Young's modulus. Collagen concentration only correlated with ultimate strain. Differences between medial and lateral condyles. The average values for the mechanical and physical properties of the specimens as well as the values for the medial and lateral condyles are shown in The physical properties of tibial trabecular bone v age, using the mean value of each knee. Due to the non-linear relationship of collagen concentration, apparent density and apparent ash density with age, a second-degree polynomial fit (dash line) was used (ⅷ = female (n 1 = 5), ⅜ = male (n 2 = 26)). The determination coefficients (r 2 ) and p values were derived from linear or second-degree polynomial regression.
26%) than those from the lateral condyle (p < 0.05 to p < 0.001). There were no substantial differences for ultimate strain, failure energy, tissue density, mineral concentration and collagen concentration between the condyles.
DISCUSSION
There have been several studies on the effects of storage and freezing of trabecular bone. 25, 26 Panjabi et al 25 showed
that long-term freezing of trabecular bone (up to 232 days) had no significant effect on the mechanical properties. More recently, Linde and Sørensen 26 reported that freezing for 100 days did not change the stiffness, nor did repeated thawing, testing, and refreezing sequences. The effect of freezing for a longer time has not been examined. The mechanical properties of our material, however, did not seem to be affected by the time of storage as confirmed by bivariate regression analysis. We used non-destructive tests to obtain Young's moduli from all specimens (13 specimens from each tibia) in order to obtain more accurate values. Those from non-destructive and destructive tests, however, were highly correlated (r 2 = 0.95, p < 0.001, both calculated at 0.6% strain).
It has been reported that the tissue density for human trabecular bone is about 1.9 g/cm 3 , and for cortical bone about 2.0 g/cm 3 . 27 Our tissue density (2.2 g/cm 3 ) is slightly higher than these values probably due to differences in the methods of determination of dry weight. We used the freeze-drying method to determine dry weight to avoid considerable variations due to evaporation at room temperature. 28 Since freeze-drying dehydrates specimens more thoroughly, the dry weight is lower and consequently tissue density is higher. We consider our results to be more accurate.
Previous studies have reported a significant decline in the ultimate stress of trabecular bone from vertebra, [11] [12] [13] [14] tibia, 12 and calcaneus, 14 a decline in the Young's modulus of trabecular bone from vertebra 12, 13 and tibia, 12 and a decline in the failure energy from vertebra 13 after 50 years of age (Table IV) . Our results confirm these findings. The values for Young's modulus for human tibial trabecular bone are mostly in a range from 200 to 900 MPa, for ultimate stress from 5.3 to 9.5 MPa, for ultimate strain from 2% to 2.7%, and for failure energy from 30 to 170 kJ/ m 3 . 29 For human vertebral trabecular bone these values are 25 to 250 MPa, 2 to 4 MPa, 2% to 2.7%, and 40 to 90 kJ/ m 3 , respectively. 4, 29 Our mechanical data are in the range of previous findings. Lindahl, 12 however, reported extremely low values for stiffness and strength and an extremely high value for ultimate strain for human tibial trabecular bone compared with other findings (Table IV) . These variations are probably due to the different protocols used in the preparation of specimens (dry defatted v wet non-defatted), 1 specimen geometry, 1,30 preconditioning before actual mechanical testing, 6 and anatomical location. 4 The data therefore are not comparable. We expected failure energy to follow the course of Young's modulus, which showed an initial increase between 16 and 39 years, since these properties usually are well correlated. 9 Failure energy showed a maximum between 16 and 29 years (p < 0.001), which suggests that trabecular bone is tougher in the younger age group. This suggestion is supported by the finding that ultimate strain is highest in this group (p < 0.05), and also agrees with values for cortical bone. 16 Mosekilde et al 13 found that from 20 to 80 years of age, ultimate stress, ultimate stiffness and failure energy of vertebral trabecular bone showed a linear decrease of 75% to 80% for vertical compression and 90% to 96% for horizontal compression. We found that age-related variations in mechanical properties except for failure energy could not be appropriately described by linear regression analysis for tibial trabecular bone. We therefore used polynomial regression (second-degree fit) to describe the relationship with age. The ultimate strain of trabecular bone (from vertebra or tibia) has been reported either not to vary with age 12 or to increase with age (from vertebra). 13 We found that although ultimate strain was higher in the younger age group (p < 0.05), it varied only slightly throughout life. This finding suggests that it is possibly the best parameter on which to base bone modelling. 31, 32 It is of note that our results showed ultimate strain to be significantly correlated with collagen concentration rather than densities. Collagen density showed a strong correlation with apparent ash density and apparent density. They all showed a parallel decline after 50 to 60 years of age. These findings suggest that, despite the substance loss (density decline), the substance itself remains constant in composition as shown by the constant tissue density, mineral concentration and collagen concentration throughout adult life. The decrease in mechanical properties seems therefore to be mainly due to loss of bone substance, rather than a decrease in the quality of the substance itself. This result agrees with the finding for cortical bone. 17 In addition to collagen, the bone matrix consists of approximately 10% non-collagenous organic components including proteoglycans which have been suggested to have some influence on the mechanical properties of bone tissue. Decorin, a small proteoglycan present in bone, is known to be closely associated with collagen 33, 34 and studies have shown a changed proteoglycan orientation after mechanical loading. 35 Furthermore, proteoglycans bind interstitial fluid which is especially known to influence the mechanical properties of cartilage. 36 Similarly, bound water in organic bone matrix may influence the mechanical properties of bone. In our study therefore variation in the proteoglycan composition and quantity of the bone specimens tested may have contributed to the variation in mechanical parameters. This requires further investigation.
There have been several studies on the age-related variations in mechanical properties of cortical bone. 2, 16, 17 McCalden et al 17 Both linear regression and stepwise multiple linear regression analyses showed that the collagen density was a better predictor in determining failure energy of trabecular bone than mineralisation, density and porosity. Collagen density alone can explain 54% of the variation of failure energy.
We conclude that the mechanical properties and apparent density, apparent ash density, collagen concentration, collagen density and volume fraction of human tibial trabecular bone have significant relationships with age. Age-related variations in Young's modulus, ultimate stress and ultimate strain, apparent density, apparent ash density and collagen concentration can be described by non-linear relationships. Trabecular bone is tougher in the younger age group. Tissue density and mineral concentration are found not to vary with age. Bone collagen, apparent density and apparent ash density and volume fraction all have significant influence on the mechanical properties. Collagen density was found to be the single best predictor of failure energy and collagen concentration to be the only predictor of ultimate strain.
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